Cooking processes produce gaseous and particle emissions that are potentially deleterious to human health. Using a highly controlled experimental set-up involving a proton-transfer-reaction time-of-ight mass spectrometer (PTR-ToF-MS), we investigate the emission factors and the detailed chemical composition of gas phase emissions 1 from a broad variety of cooking styles and techniques. A total of 95 experiments were conducted to characterize non-methane organic gas (NMOG) emissions from boiling, charbroiling, shallow frying and deep frying of various vegetables and meats, as well as emissions from vegetable oils heated to dierent temperatures. Emissions from boiling vegetables are dominated by methanol. Signicant amounts of dimethyl sulde are emitted from cruciferous vegetables. Emissions from shallow frying, deep frying and charbroiling are dominated by aldehydes of diering relative composition depending on the oil used. We show that the emission factors of some aldehydes are particularly large which may result in considerable negative impacts on human health in indoor environments. The suitability of some of the aldehydes as tracers for the identication of cooking emissions in ambient air is discussed.
Introduction
Cooking has recently been identied as a major pollution source in outdoor urban environments, 14 and in the absence of open solid fuel burning is generally recognized as the main source of organic aerosol in indoor environments. 5 Cooking fumes negatively impact human health e.g. by increasing the risk of cancer for professional chefs. 6 A recent study conducted on non-smoking Chinese women shows that cooking increases the risk of lung cancer. 7 Despite numerous aerosol mass spectrometry studies reporting the amount and chemical composition of primary organic aerosol emitted during cooking activities 812 only few studies have investigated the associated non-methane organic gases (NMOG). Schauer et al. 13 reported volatile organic compound (VOC) emissions from western style cooking (e.g. meat charbroiling) and Huang et al. 6 from cooking Asian style dishes. Other studies measured the emissions at the extraction stack of restaurants in Mexico, 14 Portugal 15 or Hong Kong. 16 While stack-based studies provide valuable data for the characterization of the bulk cooking emissions at large, such a setting is not well suited for the comparison of the emissions from dierent cooking processes. Additionally these studies are often unable to distinguish between emissions from the food itself and emissions from the heating source. 17 While some of the identied particle and gas phase products have been used as markers for the quantication of cooking emissions in ambient air, there are large uncertainties related to the relative contribution of these markers and their reactivity. 18, 19 A part of these uncertainties may be related to the variability in the emission composition depending on the cooking process applied and the type of food cooked. This illustrates the need for a systematic characterization of the emission from dierent cooking processes. This study is the rst detailed comparison of NMOG emission factors and chemical composition of a broad variety of cooking techniques including boiling, charbroiling, shallow frying and deep frying of dierent types of food (vegetables and meats) under dierent cooking conditions using the highly sensitive proton transfer reaction time-of-ight mass spectrometer (PTR-ToF-MS) alongside a comprehensive two-dimenional gas chromatograph with ToF-MS (GC×GC-ToF-MS) for structural conrmation.
Materials and Methods
Experimental set-up Laboratory measurements were conducted at the Paul Scherrer Institute, Villigen, Switzerland. The food was cooked in a pan on an electric heating plate situated in a 60 L metal housing. Approximately 2 L min -1 out of the total ow (14 L min -1 ) going through the housing was diluted with zero air (737-250 series, AADCO Instruments, Inc., USA) through two sequential temperature controlled ejector diluters (Dekati Ltd., Kangasala, Finland), achieving a nal dilution ratio of approximately 1:100. The metal housing was designed to provide a fast response time i.e. equilibrium was reached rapidly (Fig. S1 ) with residence times of the gases in both the metal containment and the sampling inlet of <120s and <10s, respectively. Gas phase NMOG emissions were measured with a proton transfer reaction time-of-ight mass spectrometer (PTR-ToF-MS). Methane, which is not emitted by cooking processes, was measured using cavity ring-down spectroscopy (G2401, Picarro, Inc.), before and after dilution to determine the exact dilution ratio. In total, 95 experiments were conducted including heating of vegetable oils, boiling of vegetables, charbroiling of meat, shallow frying of meat or vegetables and deep frying of sh and potato. A list of all experiments and experimental conditions can be found in the supplementary information (Tab. S1 and S2). All experiments were performed under controlled conditions using cooking times and temperatures as reported in cook books and the food was added to the already hot oils. The parameters explored include dierent foods, cooking methods, temperatures and vegetable oils used for frying.
PTR-ToF-MS
A PTR-TOF-8000 (Ionicon Analytik Ges.m.b.H., Innsbruck, Austria) operating in H 3 O + mode was used. In this mode, the PTR-ToF-MS measures NMOG with a proton anity higher than that of water. The sample is introduced into a drift tube and then protonated with H 3 O + ions produced from water vapour in a hallow cathode ion source. The protonated NMOG are detected using a time-of-ight mass spectrometer (Tofwerk AG, Thun, 
Literature k values were applied where available. 26 Otherwise a reaction rate of k = 3 × all other compounds (Tab. S4). Water clusters were always less than 5% of the H 3 O + ion and therefore not considered for the calculations. Mixing ratios were converted to concentrations by multiplying the mixing ratio of each ion by the corresponding molar mass and dividing by the molar volume under standard conditions.
Emission factor calculation
Before calculating emission factors (EF) the individual background (measured before putting the oils or foods) of every experiment was subtracted. The emissions were averaged over the duration of the experiment omitting times during which the metal container was opened for cooking operations. Emission factors were calculated by multiplying the average emissions (C) by the cooking time (t), the ow from the metal container (F), the dilution ratio (DR) and dividing by the amount of food used (M F ood ) (Equation 2).
(2)
Enhancement factors
For the shallow frying and deep frying experiments, enhancement factors (EHFs) were calculated to determine the enhancement of emissions due to the food being cooked above the emissions of the oil heating alone. An EHF is calculated from the ratio of the average emission factor of the compound (X) to the average emission factor of a compound emitted only from the oil (Y) normalized to the same ratio measured during oil heating experiments.
(Equation 3)
An EHF close to 1 means that almost all of the measured compound comes from the oil.
Increasing EHF values correspond to a lower inuence of the oil. Acrolein, which is formed from the dehydration of glycerol emitted during the breakdown of fatty acids, 27 is emitted almost exclusively from oil and was thus used as reference (Y).
GC×GC-ToF-MS
Additional measurements of vegetable oil were performed using a two dimensional gas chromatograph coupled to a time-of-ight mass spectrometer (GC×GC-ToF-MS) at the University of York. Cooking oils (olive, sunower and canola) were individually placed in a 49 
Results and discussion
Emissions from heated vegetable oils The dierent emission patterns of the oils are consistent with the varying composition of the triglycerides present in the oils. 32 Depending on the positions of the double bonds in the triglycerides and the place of fracture, dierent hydroperoxides are produced, resulting in decomposition to dierent alkanals, alkenals and alkadienals.
The relative composition of the emissions from sunower and canola oil do not change signicantly with temperature (Fig. 2) . However, olive oil emissions show an increase in larger aldehydes with increasing temperature, especially nonanal and 2,4-decadienal (Fig. 3) .
It was observed that the oil emissions scale with the surface area of the oil layer rather than the mass of oil heated. In order to be able to compare the oil heating with the frying processes we chose for the calculations the mass of oil needed for frying 1 kg of food and integrated over 10 minutes of heating to calculate emission factors. The total NMOG emission factors for heating the three oils increased signicantly when increasing the temperature (by 40 - 
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M e t h a n o l E t h a n a l A c r o l e i n B u t a n a l P e n t a n a l H e x a n a l H e p t a n a l For shallow frying in a pan, the dominant compounds are aldehydes (more than 60%).
The contribution of smaller (≤ C5) aldehydes to the total emissions increases, from about 30% to about 50% when frying food with canola oil and from about 15% to about 50% when frying food with sunower oil, compared to the heating of the pure oils alone. The fractional contribution of the smaller aldehydes decreases with increasing oil temperature.
The total NMOG emission factors for shallow frying of meat range from 3 mg kg -1 for chicken to 42 mg kg -1 for beef in sunower oil. During vegetable frying lower relative amounts of aldehyde emissions were observed as a result of low temperatures (150 • C). Due to the long cooking time of 20 minutes (meat was fried for 10 minutes), the total NMOG emission was 42 mg kg -1 , higher than EF measured during other shallow frying experiments. The most abundant aldehyde from vegetable frying is butanal (4 mg kg -1 ) which is low compared to the emission of methanol (11 mg kg -1 ), a reported by-product from cell wall synthesis. 33 The frying of vegetables releases monoterpenes (3 mg kg -1 ) which may be attributed to emissions from condiments (e.g. oregano, basil), used as seasoning for this experiment, 34 as these compounds were not observed during vegetable boiling.
The total NMOG emission factors from deep frying processes are 59 mg kg The absolute emission factors of carbonyls from oils depend not only on the cooking temperature but also on the oil surface. For shallow frying the last parameter is hard to control and to assess. Therefore, in order to separate oil emissions from those due to the food used, we have calculated enhancement factors of dierent compounds normalized to acrolein expected to be emitted solely from oil heating (Fig. 4) . Aldehyde emissions from deep frying of potato and sh strongly resemble the corresponding oil emissions with all the show signicant enhancement factors ranging from 5 to almost 1000. This demonstrates that the smaller aldehydes observed during shallow frying are mostly generated by the foods and not the oils used. These small aldehydes most probably originate from the decomposition of the fatty acids in the meat. 35 The relative contributions of individual aldehydes to the total emissions show only slight dierences between the dierent foods which seems to be caused by dierent frying temperatures. The emissions from shallow frying are lower than the deep frying emissions due to the lower temperatures used (130
• C to 180 • C) and the smaller surface of the oil but higher than what would be expected from only heating the oils (Fig. 2) .
The total emission factors from charbroiling beef (11 mg kg -1 ) and chicken (4 mg kg -1 ) are lower than those from frying processes, indicating that a higher amount of the emissions come from the use of oils. Furthermore, the charbroiling of burger patties releases total NMOG emissions of 58 mg kg -1 which is comparable to heated vegetable oils at the same temperature Frying and charbroiling processes are very common in domestic and commercial kitchens and are associated with large emissions of reactive NMOG and therefore expected to dominate gas phase cooking emissions. We observed that hexanal and nonanal were ubiquitous in all emissions from shallow and deep frying using dierent oils and also from charbroiling.
With their relatively long atmospheric life-times against the OH radical (18 h for hexanal and 15 h for nonanal, for OH concentrations of 2 × 10 6 molec cm -3 ), 37 we suggest that hexanal and nonanal may potentially constitute suitable markers for identifying gas and particle phase cooking emissions in ambient air, using a PTR-ToF-MS. Future ambient studies should inspect this hypothesis, by examining the stability of emission ratios between these markers and total emissions and by assessing contributions from other processes that may emit these compounds (e.g. grass cutting may emit hexanal 38 ). Raw spectra of all cooking processes can be found in the supplementary information (Fig. S3-5 ). 
Emissions from boiling vegetables
The total NMOG emission factors observed from boiling vegetables were between 4 mg kg -1 and 21 mg kg -1 , lower than the emission factors from frying. Similar to vegetable frying, vegetable boiling emits large amounts of methanol (2 mg kg -1 to 13 mg kg -1 ), corresponding to 40-80% of the total NMOG emissions. During vegetable boiling, unique compounds specic to dierent vegetables can be detected. High ethanol emissions (1 mg kg -1 ) from carrots and acetaldehyde emissions from carrots (0.5 mg kg -1 ) and zucchini (0.3 mg kg -1 ) could originate from drought stress conditions during the growth, mechanical stress after the harvest or storage under low oxygen conditions. 39 Boiling carrots additionally emits considerable amounts of sesquiterpenes (0.3 mg kg -1 ) which are formed during root development in the plants. 40 When boiling onions, high amounts of acetone (9 mg kg -1 ) were measured due to the high acetone content in onions. 41 Broccoli and cabbage were found to emit between 20 and 30% of C 2 H 6 S (3 mg kg -1 to 6 mg kg -1 ). This is consistent with the detection of dimethyl sulde in cruciferous vegetable oil extracts reported by Buttery et al. 42 However, the contribution of ethanethiol from the hydrolysis of glucosinolate cannot be excluded. 43 Allyl cyanide emitted by boiling cabbage (0.4 mg kg -1 ) is formed as antifeedant in the plant. 44 Emission factors from boiling pasta and rice were determined but are not shown here because they were not signicantly higher than the background.
Implications for indoor air
Aldehydes are known to irritate the eyes and the respiratory tract at high concentrations. 45 Based on the calculated emission factors, we have estimated the potential concentrations of individual aldehydes in a 40 m 3 kitchen without ventilation after cooking 1 kg of food for 10 min, and compared them to exposure limits in place in some countries or thresholds reported in literature. Air exchange rates typical of residential kitchens (0.6 h-1) during the short cooking time have only a minor eect (<20%) and therefore will not be taken into account.
Acetaldehyde is classied by the IARC as a group 2b carcinogen (possibly carcinogenic), at chronic exposure of 0.003 mg m -3 . 46 Frying in sunower oil leads to 20-fold higher concentrations of acetaldehyde. The German statutory accident insurance sets a workplace limit of 0.03 mg m -3 for hexanal (as an average over 8 hours) which is exceeded by up to 5 times, when cooking burger patties. The Australian government sets a workplace eight-hour average limit for exposure to acrolein of 0.23 mg m -3 and the EPA AGEL-1 limit is 0.07 mg m -3 .
Both limits can be readily exceeded by most of the frying processes. Deep frying in sunower oil would result in a concentration of 0.25 mg m -3 of 2,4-decadienal, which is suspected to increase the risk of lung cancer. 47 In general, a large number of the detected compounds including unsaturated aldehydes from heated fats or sulphur and nitrogen containing species from vegetable boiling are notorious for their deleterious impact on human health. While such impact can be diminished with a proper ventilation system further studies are required for assessing the health eects of cooking emissions and the inuence of the kitchen set-up.
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